We propose and demonstrate a cost-effective self-restorable bi-directional WDM-PON based on ASE-injected FP-LDs, which utilizes the periodic and routing characteristics of the arrayed waveguide grating. The netwok restoration was achieved within 7 ms.
Introduction
Recently, fiber-to-the-home (FTTH) has been widely deployed in many countries. Especially, the first commercial FTTH service based on WDM-PON to individual subscribers has been started in Korea. This was possible due to a low-cost WDM-PON solution based on wavelength-locked Fabry-Pérot laser diodes (FP-LDs) using spectrum-sliced amplified spontaneous emission (ASE) injection [1] . After the installation of such networks, there is a high risk of enormous data loss due to fiber link failure. So it will be desirable if such a WDM network could be protected against above risk by use of backup or redundant network. To date, several schemes for survivable or self-restorable WDM-PON have been proposed [2] [3] [4] [5] . However, these methods seem to be quite expensive and complicated for access network applications.
In this paper, we propose and demonstrate a novel self-restorable scheme for bidirectional WDM-PON, which utilizes the periodic spectral transmission property of the arrayed waveguide grating (AWG). It is cost-effectively implemented by use of minimum amount of network resource redundancy. Fig. 2 shows our proposed scheme in a bidirectional WDM-PON employing ASE-injected FP-LDs, which includes two broadband light sources (BLS) separated from each other by an integer multiple of the free spectral range (FSR) of AWG. It consists of optical line terminal (OLT) located in a central office (CO), a remote node (RN) connected to the OLT through feeder (working) fiber I or restoration fiber II, and a plurality of subscriber units (N ONUs) connected to the RN through the distribution fibers. The OLT is comprised of two BLSs, a fiber fault monitor, 1 × 2 optical switch unit, 1 × N AWG [AWG1], and N transceivers (TRx). At the OLT, A-BLS is delivered to the AWG1 through a coupler and B-BLS is delivered to the downward direction for injection light of FP-LDs in the ONUs. The detailed operation principle of bidirectional WDM-PON with ASE injection-locked FPLDs can be found in reference [1] . The RN consists of 2 × N AWG [AWG2]. In addition, the free spectral range of AWG2 at the RN is same as that of AWG1 at the OLT. Herein, the first port of AWG2 is coupled to a working fiber; while the second port of AWG2 is coupled to a restoration fiber.
Proposed self-restorable network scheme
In normal operation, since the signal traffics are carried via working fiber, λ 1b ~ λ N-1b wavelengths are assigned for downstream signals and λ 1a ~ λ N-1a wavelengths are assigned for upstream signals as shown in Fig. 1 . In the meantime, in case of a feeder fiber failure, the fault monitor detects a working feeder fiber failure and then triggers automatic switching from working fiber to restoration fiber through 1 × 2 electromechanical optical switch. As a result, the upstream traffic can be communicated via λ 2a ~ λ Na wavelengths, while the downstream signals are assigned to λ 2b ~ λ Nb wavelengths. In this way, the proposed novel network architecture offers a restoration capability, but it can serve N-1 subscribers due to protection scheme. 
Experiment and results
To experimentally demonstrate the proposed scheme, we have composed 8 channel WDM-PON with 16 FPLDs wavelength-locked to the injected ASEs. Here, the FP-LDs are directly modulated at 155 Mb/s with with 2 31 -1 pseudorandom bit sequence data. At the CO, 8 downstream signals are multiplexed through AWG1 and routed either to the first port of AWG2 in the RN or to the second port of AWG2 through conventional single mode fiber spools of 20 km respectively. AWG1 and AWG2 have 100-GHz channel spacing and the free-spectral range of 31 nm, while 1542 ~ 1554 nm in the C-band is allocated for the upstream and 1573 ~ 1585 nm in the L-band is allocated for the downstream. To simulate the feeder fiber break, we inserted a typical fiber optic switch between the working fiber and the first port of AWG2. The optical spectrums of the downstream and upstream signals were monitored by a 1:99 tap coupler and an optical spectrum analyzer (OSA). Fig. 2 shows the spectrum of the signal carrying 8 channels (ch1-ch5, ch14-ch16). The lower trace represents the downstream signals, while the upper solid line and dotted line represent the upstream signals in the normal state and in the restoration state, respectively. Note that all wavelengths for the upstream in the restoration state are shifted by 100 GHz as explained in the section 2. between the OLT and ONU2, ONU15. In case of feeder fiber cut, ONU2 is connected to the TRx3 in the OLT through wavelength λ 3b and λ 3a . The measured BER curves for the downstream and the upstream are shown in Fig.  4 (a) and (b), respectively. As shown in Fig. 4 , each channel has different sensitivity, for the relative intensity noise (RIN) of ASE-injected FP-LDs depends on the detuning condition between the lasing wavelength of FP-LD mode and injected ASE wavelength. Normally single peak spectrum [no detuning] shows better performance than double peak spectrum [large detuning]. This explains why the λ 3b upstream signal [Open square in Fig.4 (b) ] has worse BER performance. However, there was negligible power penalty in the restoration state with respect to the working state considering the change of detuning during the restoration switching. 
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Conclusion
We proposed and demonstrated a novel self-restorable ASE-injected WDM-PON, which utilizes the periodic spectral transmission property and routing characteristics of 2 × N AWG. The experiment showed that the restoration switching could be done within 7 ms with negligible power penalty. This is the simple and the first experimental realization of self-restorable colorless bidirectional WDM-PON based on ASE-injected FP-LDs for access network, to the best of our knowledge.
